Preparation, structural, and optical features of two-dimensional cross-linked DNA/ gold-nanoparticle conjugates Abstract The formation and the optical features of two-dimensional aggregates formed by DNA-directed immobilization and cross-linking of bifunctional DNA-gold nanoparticles at flat gold substrates are analyzed. The samples are structurally characterized by atomic force microscopy to evaluate the particle size, the particle densities, and the degree of aggregation. The optical characteristics determined by UV/ visible measurements are correlated with the structural features observed.
Introduction
Noble metal nanoparticles exhibit size-dependent electronic and optical properties, which have gained much interests in material, life-, and nanosciences [1] [2] [3] [4] . While the synthesis of such particles with different size and surface modifications is well established, there is still great demand in the arranging and self-assembling of the particles into ordered arrays to study the electronic and optical coupling between the particles as a function of the particle size and interparticle spacing [5] [6] [7] [8] [9] [10] . The profound understanding of the different modes of interaction may finally lead to technical applications of such arrays, e.g., in nanoelectronic or sensing devices [3, 4, 11, 12] .
In this context, DNA reveals excellent abilities for siteselective immobilization and ordering of metal nanoparticles in one to three dimensions [3, [12] [13] [14] [15] [16] . Our earlier studies focused on the DNA-directed immobilization (DDI) of gold particles leading to the formation of two-dimensional assemblies. These concepts showed the ability to bind, via the Watson-Crick base pairing, single-strand DNA-functionalized gold nanoparticles to complementary DNA single strands on surfaces. This ability was realized due to direct hybridization of complementary strands at the particles and surface, as well as by the use of linker molecules. The DDI concept was extended further to a multimolecular approach, which allows cross-linking between the immobilized particles [14, 17] .
In this work, we describe the concept of DDI, together with the cross-linking of multifunctional DNA-functionalized gold nanoparticles to flat gold substrates. The structural features of the nanoparticle assemblies formed are analyzed by atomic force microscopy (AFM). These data will be related to the optical characteristics, based on the extinction properties recorded by bright field/reflection UV/visible (Vis) spectroscopy. These measurements are performed on reflecting gold surfaces, which allows us to analyze the optical features of the immobilized gold nanoparticles and particle aggregates in directed interaction with the underlying substrate.
Noble metal particles show a characteristic extinction in the visible range of the electromagnetic spectrum due to the excitation of plasmons. Plasmons are collective oscillations of surface electrons, which can be used for probing the vicinity of the particles' surfaces because of the sensitivity of the spectral position of the plasmon band to the particles' (dielectric) environment. Furthermore, the wavelength of the extinction maximum is dependent on the shape of the particles and on their spatial distance from each other. These extinction phenomena can quantitatively be described by the Mie theory, which relates the theoretical extinction spectra of diluted spherical particles to their size and relative dielectric properties of the surrounding medium [1] . As soon as particle aggregates are formed, the polarization needs to be described by the generalized Mie theory. When the center-to-center distance, D, of particles in an aggregate becomes as small as D<<λ, i.e., the wavelength of incident light, an in-phase coupling of the induced dipoles can be observed [15, 16, 18] . Compared to the single-particle resonance, the plasmon resonance of particle aggregates is shifted toward lower energies. The shift depends on the particles' distances and on the number of particles aggregated in the direction of the electrical field vector perpendicular to the incident light vector.
Thus, in case of a two-dimensional assembly of nanoparticles, the optical properties should give qualitative information about the degree of aggregation, indicating whether the particles are well separated from each other or whether they predominantly form aggregates. It is the aim of this work to qualitatively correlate the optical features of two-dimensional gold nanoparticle aggregates formed by DNA-directed immobilization and cross-linking to the structural features studied by AFM.
Experimental
Materials, particle synthesis, and particle assembly Preparation of DNA-gold nanoparticle conjugates was carried out as previously described [13, 14, 19] using citrate-stabilized gold nanoparticles of 23.6±5.3 nm in diameter (ICN) and thiol modified DNA oligomers (Thermo Hybaid). In a typical synthesis, bifunctional DNA-Au nanoparticle conjugates were prepared by adding a mixture comprised of an equimolar ratio of the two oligonucleotides, e.g., 1 and 2, to an aqueous nanoparticle solution [14, 20] . For determination of surface coverages, 5′-fluorescein, 3′-(CH 2 ) 3 -thiol-labeled oligonucleotides were used for preparing the DNA-nanoparticle conjugates [21] . The overall coverage was determined to about 260 oligonucleotides/particle. For bifunctional conjugates the amount of each oligonucleotide depends on the ratio of the respective mixture. The hybridization efficiency was at 20% coverage of one oligonucleotide at its maximum, which can be explained by the electrostatic repulsion of the single strands in higher concentrations. For detailed discussions of the results of the coverage and hybridization efficiency, see Niemeyer et al. [20] .
The DNA/nanoparticle conjugates were purified by repeated centrifugation and redispersion in 0.3 M NaCl, 20 mM Tris-HCl, 5 mM EDTA, and 0.05% Tween 20, pH 7.5. Solid-phase hybridization experiments were carried out using flat gold substrates, prepared on mica as described earlier [22] . The substrates were functionalized with 5′-(CH 2 ) 6 -thiolated capture oligonucleotides (for base sequences, see Table 1 ) by incubation of a 10-μM solution of the oligomer for 16 h at room temperature. The substrates were rinsed with deionized water and excess binding sites of the surface were blocked with a solution containing mercaptohexanol. In the trimolecular immobilization experiments with D 2 -Au conjugates, shown in Fig. 1 , mixtures of linker oligomers 5 and 6, each of which contained 0.3 μM of 5 and varying concentrations of 6 (0.3 and 0.15 μM) in Tris-buffer containing 0.3 M NaCl, were prepared. Of each mixture, 5 μL was added to one aliquot of an equimolar mixture of D 2 -Au A /D 2 -Au B (3 nM). The resulting solutions were briefly mixed and immediately dropped on top of a gold substrate, previously functionalized with capture oligomer 4. Following 6 h of incubation at room temperature, the substrates were rinsed with the Tris-buffer and deionized water and dried in a mild nitrogen stream.
Preparation of substrates
Atomically flat gold surfaces were prepared as follows: Glass slides were glued to a 20-nm thin gold film, sputtered on a freshly cleaved mica sheet, and cleaved afterwards at the interface between the gold layer and the mica sheet. The pure gold surface was visualized by AFM, showing typical, flattened gold grains. 5′-SH-TCG AAG CTT GAA-3′ 5 Linker for trimolecular particle immobilization 5′-CCG GGA TCC GAA TTC AAG CTT CGA-3′ 6 Linker for particle cross-linking 5′-CAG GAT GGT CTT GAT CTC TTC ACC-3′
a The SH-functionalization has been realized by a −(CH 2 ) 3 -thiol at the 3′ end and a −(CH 2 ) 6 -thiol at the 5′ end b
The sequence contained a dT12 spacer between the alkyl-thiol group and the coding sequence to improve hybridization efficiency
Experimental setup
AFM measurements were carried out using a Multimode/ Nanoscope IIIa from Digital Instruments in tapping mode in air at a relative humidity of about 40%. We used Si cantilevers with a tip radius of approximately 5 nm (Nanosensors). AFM measurements may have suffered from tip artifacts, resulting in apparent enlargement of the objects studied. Such width anomalies are generally related to a nonlinear mixing of the tip shape into the image. Thus, the enlargement depends both on the tip radius and geometry and on the measured object itself [23] [24] [25] . Therefore, the size of the particles, as described in the following chapter, was obtained from height measurements. The UV/Vis spectra were recorded in a range from 400 to 750 nm using a Zeiss Axioplan 2 imaging microscope (50-fold magnification) equipped with a UV/Vis diode array detector of J&M, a halogen lamp as a light source, and a freshly prepared gold substrate as a reference. The measured spot on the sample was limited to 60×40 μm 2 . A scheme of the experimental setup is shown in Fig. 1 .
Results and discussion
Our initial studies concerned the DDI of the D 2 -Au A and D 2 -Au B bifunctional nanoparticles, containing two 12mer coding sequences. To this end, gold substrates were functionalized by chemisorption of thiolated capture oligomer 4. The DNA-modified gold substrate was used for immobilization of nanoparticles from a mixture, which contained equimolar amounts of D 2 -Au A and D 2 -Au B (3 nM, each), in addition to 16 molar equivalents (eq) (0.3 μM) of linker 5 and 16 eq (0.3 μM) of linker 6. As schematically depicted in Fig. 2b , linker 5 was used to immobilize the D 2 -Au conjugates through hybridization with complementary capture oligomer 4 and particle-bound oligomer 1, while linker 6 was added to allow cross-linking in between the D 2 -Au A and D 2 -Au B particles, immobilized at adjacent sites of the substrate.
AFM measurements
AFM measurements were typically recorded from at least two separate representative areas of each sample with a size of a few square millimeters, preselected with an optical microscope to ensure a minimum number of impurities and defects. Figure 3 shows representative AFM images of four different samples. Figure 3a shows a control which was just functionalized with the immobilization sequence 4. The other three AFM images show the results of the immobilization of particles via the immobilization linker 5 and cross-linker 6, in which the amount of the cross-linker was varied from 0 eq over 8 to 16 eq (Fig. 3c,d ). The amount of immobilization oligomer 5 was held constant at 16 eq. To investigate the influence of the cross-linking oligomer, the sample without cross-linker 6 was used as a negative control. In the absence of cross-linker 6, the AFM image shows mainly well separated, statistically distributed single particles, and only very few aggregated particles (Fig. 3b) . The samples with 8 and 16 eq 6 ( Fig. 3c,d) show an increased number of aggregates. Height measurements of the immobilized nanoparticles revealed that these aggregates are, in fact, monolayers of particles and they are randomly shaped with lateral dimensions of up to 2 μm. The heights of the particles range from 15 to 24 nm, which is found to be similar to the diameters determined by transmission electron microscopy, i.e., 23.6±5.3 nm. Thus, the particles presumably lie very close to, or in direct contact with, the surface. Local order with hexagonal and cubic symmetry appeared locally in these aggregates, whereas no long-range order was observed. These results presumably are due to deviations in the particles' size and the surface roughness of 
Automated data analysis
For the statistical evaluation of the immobilization process, 70 AFM images in total were recorded. To handle the huge amount of data, a computer program was developed, 1 which automatically counted the particles in each AFM image and assigned them into aggregates in a two-pass process. The recognition of a particle was based on the gray scale in the AFM image, choosing the half of the average of the overall particle height as the criterion of selection (Fig. 4) . To compensate the surface roughness and the particle size distribution, the program allows setting a percentage deviation, as well as minimal and maximal values for the expected diameters. This avoids the false detection of apparently big particles, which, indeed, are small aggregates of a few smaller particles. Particles, which are not recognized automatically, can be added manually based on the visual control of the selection process after the first pass of automated selection. Thus, the first pass gives the amount of particles per measured area, i.e., the average particle density.
In the second pass, the assignment of particles to aggregates is realized by the definition of a distance value, d, which is the expected value of the sum of two neighbored particles' radii and the length of the DNA linker. All those particles, which are located in distances equal to or smaller than d, are assigned to belong to an aggregate. Thus, the second pass leads to the aggregate size, which is not the lateral size but the number of particles per aggregate and the aggregate's size distribution.
For further data evaluation, all results were normalized to square micrometers and also converted to a percentage distribution. In general, in the presence of the cross-linker 6, the immobilization rate is higher, which is already obvious in the AFM images in Fig. 3 . As shown in Fig. 5 , the particle density increases from 18 particles/μm 2 at 0 eq of 6 up to 260 particles/μm 2 at 8 eq of 6, and decreases again to 153 particles/μm 2 in the presence of 16 eq of 6. In contrast to the surface coverage, the maximum aggregate size (particles/aggregate) increased from 10 at 0 eq over 41 (at 8 eq) to 320 at 16 eq.
These results illustrate that in the absence of 6, only a few particles form aggregates, probably due to nonspecific interaction. In all samples inspected by AFM, the particles formed smaller aggregates, whereas aggregates containing more than five particles were only observed in the presence of 6, while samples without 6 showed the highest number of individual particles. The distribution of the aggregate's size in the presence of 8 and 16 eq of 6 was almost similar, whereas in the presence of 8 eq of 6, slightly bigger amounts of aggregates with 2 and 10 particles/aggregate were found. The largest aggregates, containing more than 300 particles per aggregate, were found in samples containing 16 eq of 6.
Because there is no direct experimental proof as to whether or not the nanoparticles are indeed connected via the DNA cross-linker, we determined the distance between individual particles within the aggregates and compared it to the theoretical length of the cross-linker 6, i.e., 9.6 nm. Because the distances between the particles cannot be measured by AFM directly, the particle distance was deduced from the distance of the height maxima of the imaged particles. To ensure that the particle size distribution did not affect these results, the distance between the particles was corrected by the respective particle diameters δ 1 and δ 2 . Therefore, for each evaluated pair of particles, the radius, H, of each individual particle was determined from the maximum height of a particle in a cross section (see Fig. 6 ). Fig. 5 Results of the automated analysis of particle density and particles per aggregate. a Particle density and maximum size of aggregates plotted vs ratio of cross linker 6. The immobilizing linker was held constant at 16 eq. b Percentage amount of aggregate sizes per square micrometer. For aggregate sizes up to ten particles per aggregate, the amount is displayed on the left y-scale, whereas the summarized range of aggregate sizes from 11 to 100 and 101 to 320 refer to y-scale on the right-hand side With H, the effective distance between the particles, d eff , can be calculated by measuring X, i.e., the top-to-top distance d center1-center2 , according to
The distance distribution for the samples with 8 and 16 eq of 6 is plotted in Fig. 7 . By taking the calculated value d crosslinker6 =9.6 nm, which is the sum of the DNA length and that of thioalkyl-linkers at the 5′ and 3′ ends of nanoparticle-bound oligomers 2 and 3, and taking into account a fault tolerance value f max =1.3 nm, resulting from the maximum surface roughness r substrate and from the limits of resolution f res , it becomes evident that 47% (8 eq) and 41% (16 eq) of all measured pairs of particles have an effective distance d eff , which is close to the expected value of 9.6±1.3 nm. Furthermore, for both systems, 6.8% (8 eq) and 6.9% (16 eq) of the pairs of particles show smaller distances. This implies that the cross-linker has certain flexibility and/or that the cross-linker does not connect the particles along the center-to-center axis between two particles. Of the particles, 46.4% (8 eq) and 51.9% (16 eq) show distances to their neighbors that are much longer than d crosslinker6 , implying that these particles are not connected by 6 or that mismatches in the DNA hybridization have led to a longer effective molecule length.
Optical properties
The optical characterization of these samples required measurements in reflection because the sputtered gold layers were too thick for measurements in transmission mode. Already, the observation of the substrates with immobilized particles by the naked eye shows, in contrast to the bright golden reflection of an unfunctionalized surface, a slight red color. For the UV/Vis spectra recorded in reflection on the nontransparent gold films, the total reflection of the light source on a bare gold substrate without particles was taken as a reference. Thus, in spectra taken from the samples with immobilized particles, we observed the particles' extinction, resulting from absorbance as well as from scattering [1] . As is known from earlier studies, for individual particles smaller than 20 nm, scattering can be neglected [1] , while the extinction of aggregates results from a superposition of scattering and absorbance [5] .
The UV/Vis spectra of the immobilized particles (Fig. 8 ) revealed pronounced differences to the spectra of single particles in solution. The extinction at 520 nm, well known for single, well-separated particles in solution, is missing in the spectra shown here. However, an extinction at about 500 nm was observed instead. Furthermore, an additional peak at about 700 nm appeared for those samples that showed particle aggregates.
First, the loss of the peak at 520 nm was unexpected, but may be explained by a blue-shift of the plasmon resonance of the metal nanoparticles in close vicinity to the metallic substrate. This effect was described before as a result of a hybridization of the surface plasmon of the metallic substrate with the particles' plasmon [26, 27] . Therefore, we tentatively assign the absorbance appearing at about 500 nm to the plasmon resonance of isolated gold particles affected by the metallic substrate.
Second, the two samples with 8 and 16 eq of 6 showed an additional extinction maximum at 690 and 700 nm, respectively. The appearance of such extinction at longer wavelengths has repeatedly been observed in measurements of gold nanoparticles in layers with high particle density and of particle aggregates, respectively [1, 18, [28] [29] [30] . According to this, we attribute the red-shift to the coupling of the Fig. 3d . b Measured height of the AFM tip along the path shown in a as a function of the displacement x. The horizontal doted lines illustrate the height value at the particle maximum, while the vertical dotted lines illustrate the displacement at their maxima. c Sketch of a particle pair, which is spaced by a linker, and an AFM tip. The bold line shows the cross section, from which X (the center-to-center distance of the particles) and δ (diameters of the particles) can be determined. d-f In addition to a, further examples of AFM images with chosen pathways plasmon resonance of particles close to each other, forming longitudinal in-phase modes. The degree of the shift depends mainly on the size of the particles, the particle distances, and the shape of the aggregates.
In the following, some results from literature shall shortly be reviewed to compare them with our experimental finding. Schmitt et al. observed the appearance of two plasmon peaks at 518 and 610 nm for 14-nm gold particles immobilized on a glass substrate via poly(ethylene-imine) [18] , while Grabar et al. measured two, not-well-separated peaks at 536 and 648 nm for 13-nm gold particles immobilized on an amino-terminated silanized quartz slide (via 3-aminopropyltrimethoxysilane) [29] . Kreibig and Vollmer reported about two plasmon peaks at 520 and 700 nm, measured from 15-nm gold particles embedded in a gelantine matrix with an average center-to-center distance of 18 nm [1] . Furthermore, Lazarides and Schatz calculated optical spectra for linear aggregates of 13-nm gold spheres of different lengths (up to ten spheres) [5] . They showed that, with increasing chain lengths, the plasmon peak is shifted toward lower energies. For chains consisting of ten particles, the maximum was observed at approximately 630 nm. Experimental and theoretical results of ordered nanoparticle arrays (gold cylinders with diameters of 200 nm) immobilized at glass slides showed the pronounced extinction in the range of 700 to 800 nm [31] .
However, the low-energy shift for particles with comparable diameters and interparticle spacing, as observed here, is more pronounced than it was reported in the references cited above. Here, again, one needs to take into account that our nanoparticles were not immobilized on a dielectric surface (i.e., glass) but on a metallic substrate, where the dipolar and, possibly, additional multipolar coupling to the underlying gold surface might enhance this effect. This assumption is supported by the results of Félidj Fig. 8 UV/Vis measurements of particle layers with different amounts of cross linker. Additionally, the spectrum of particles in aqueous solution is shown et al., who reported an enhanced substrate-induced coupling of gold nanoparticles in defined arrays on a gold surface through surface-plasmon traveling waves [28] . While the particle spacing was decreased, a shift of extinction maximum toward lower energies was observed. Nevertheless, this is just a qualitative measure on how a metallic substrate might affect the plasmon peak of the nanoparticles.
However, the development of a more refined model is not possible based on the results shown here. As far as we know, a full theoretical treatment of the longitudinal and transversal absorption of large particle aggregates including the coupling to metallic substrate has not been elaborated yet, due to the relatively complex geometry of the problem. Nevertheless, the separation of the single particle peak and the transversal extinction band, which assign to particles in aggregates, is expected to be more pronounced, the more extended the aggregates are.
As an additional feature in the optical spectra, we observed that the total optical extinction increased with increasing particle density. According to the Lambert-Beer law, the extinction correlates to the number of particles per volume or square unit. To verify the assumption that both plasmon peaks can be attributed to the optical extinction of individual particles and to particles within aggregates, respectively, we related the number of isolated particles to the absorbance at 500 nm, and the number of particles in aggregates (two or more particles with d eff ≤d crosslinker6 ) to the respective low-energy maximum. For the samples without cross-linker 6, we choose the extinction at 690 nm for this evaluation. This is justified by the fact that the decay of the plasmon peak in the spectra of particles in solution between 650 and 730 nm is more pronounced than in the spectra of the particles on the substrate. The extinction of particles in solution converges in this range to zero, while the samples without cross-linker showed an almost linear decrease with a remaining weak extinction, which is assigned to the plasmon resonance in aggregates.
A more detailed comparison was done by partitioning the particle density in (a) single particles/small aggregates and (b) aggregates (see Fig. 9a ). Besides, both graphs start at zero to regard the fact that a particle density of zero cannot show any extinction. The results are displayed in Fig. 9b .
It is evident that the particle densities scaled to one square micrometer and the extinctions at the high-and lowenergy peaks show a linear correlation. The best linear fit for the high-energy peaks was achieved for partition A(1) of single particles. This means that the absorption of mainly single particles is attributed to the extinction at 500 nm. The best linear fit for the extinction at about 700 nm can be achieved by choosing the particle density B (2-5) of small particle aggregates with 2-5 particles per aggregate. However, correlation is also found for larger aggregates (e.g., with 2-320 particles per aggregate), but the accordance is less pronounced. The linearity is expected from the Lambert-Beer law, whereas the slope would give the molar extinction coefficient. However, the quantitative evaluation is not appropriate due to the evident influence of the underlying substrate, as discussed before. Although this correlation does not serve as physical proof, it supports our assignment of the peaks in the optical spectra, and it is in accordance with the experimental findings reported by others [1, 5, 18, [26] [27] [28] [29] [30] .
Conclusions
We have analyzed the formation and the optical properties of two-dimensional aggregates formed by DDI and crosslinking of bifunctional DNA-gold nanoparticles at flat gold substrates. The particle density in the two-dimensional aggregates is controlled by the amount of the cross-linking oligonucleotides. This density as the degree of aggregation is reflected in the extinction of the optical spectra by the appearance of a low-energy plasmon resonance. This extinction peak could tentatively be attributed to longitudinal in-phase modes of the plasmon excitation. Furthermore, an extinction maximum at 500 nm could be observed, which has been assigned to a blue-shift of the plasmon peak of individual nanoparticles caused by coupling to the metallic substrate. So the results from the statistical examination Fig. 9 a Scheme for the partitioning of the overall particle density into (A) single particles/ small aggregates and (B) aggregates. The numbers in brackets denote the number of particles per aggregate. b Plot of the extinction at 500 nm and 650-730 nm vs the particle densities of A(1) single particles and B(2-5) aggregates (the lines shown here just serve as a guide for the eye) could be correlated with features in the optical spectra. Although these results of the optical investigation of gold nanoparticles on gold surfaces are very promising, further investigation of the interaction between the particles and the metallic substrate, as well as a possible quantitative correlation, needs to be developed in our future work.
